Objective-Velocity-vector imaging (VVI) represents a valuable new method for noninvasive quantification of vascular properties associated with aging. The purpose of this study was to assess the correlations between VVI parameters and histological changes with aging. Approach and Results-Fourteen mongrel dogs were classified as either young (n=7; age, 1-2 years; female; weighing 22-29 kg) or senescent (n=7; age, 8-12 years; female; weighing 36-45 kg). The short-axis image of the descending thoracic aorta was obtained for VVI analysis with transesophageal echocardiography. The location of the image was identified using fluoroscopic guidance, and the aortic tissue was extracted. After dividing the aortic wall into 6 segments, both regional and segmental tissue collagen and elastin contents were quantified and correlated with the aortic elastic properties. In the regional analysis, the M-mode-derived aortic dimensions and elastic moduli except for intima-media thickness were not significantly different between the groups, whereas the VVI-derived aortic area and fractional area changes showed more dilated and stiffer aorta in senescent dogs. Also, fractional area change was significantly correlated with the tissue collagen content unlike the M-mode-derived elastic moduli. In the segmental analysis, the radial velocity, circumferential strain, and strain rates of VVI were more reduced in senescent dogs than young dogs, and the radial velocity and circumferential strain showed independent associations with the collagen content of the corresponding aortic wall. Conclusions-VVI was a feasible method for direct quantification of aortic elastic properties with a significant histological correlation. (Arterioscler Thromb Vasc Biol. 2013;33:1306-1312 .) The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/
A ging is a physiological process associated with an increase in cardiovascular morbidity and mortality even in the absence of known cardiovascular risk factors. 1 The main feature of arterial aging is the thickening, dilation, and stiffening of the artery, 2,3 which is described as senile arteriosclerosis. 4 The repeated cycles of distension and elastic recoil of the arterial wall accelerate the fragmentation and depletion of elastin, leading to a substantial increase in the inner diameter and the deposition of collagen with increasing stiffness. 5 As a result, the stiffening of the proximal aorta and early wave reflection give rise to the development of isolated systolic hypertension, left ventricular hypertrophy, and heart failure with a basis on a ventricular-vascular coupling mechanism; all of these factors lead to an increase of cardiovascular mortality with aging. 5, 6 Thus, the assessment of mechanical properties of the artery in humans using noninvasive techniques is of growing importance. For quantification of aortic elastic properties, there are many noninvasive measures, including pulse wave velocity and echocardiographic techniques presented as distensibility, strain, and pressure-strain elastic moduli. [7] [8] [9] [10] [11] However, these methods represent a global estimation of arterial elasticity and, therefore, have limitations because arterial changes usually begin as regional changes. With the availability of more advanced ultrasound techniques, a novel automated speckletracking method using velocity-vector imaging (VVI) software has facilitated the assessment for angle-independent and instantaneous quantification of arterial elastic properties by providing the 2-dimensional-derived tissue radial velocity (RV), circumferential strain, and strain rate in both regional and segmental aspects. [12] [13] [14] [15] We previously showed that arterial assessment using VVI represents a new method for quantifying vascular alteration not only in the clinical conditions of vasculitis 12, 13 but also in other disorders associated with aging. 16 Despite these investigations, further histological validation will facilitate the clinical application of VVI. Therefore, the purpose of this study was to compare the parameters of VVI between young and senescent dogs and to assess the correlations between the VVI parameters and histological changes.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Baseline Characteristics
The young and senescent dogs differed significantly in body weight (24±2 versus 40±2 kg; P<0.001) and both systolic (85±11 versus 120±15 mm Hg; P=0.018) and diastolic (55±11 versus 90±10 mm Hg; P=0.006) blood pressures. The heart rates between the groups were not different (94±12 bpm versus 101±18 mm Hg; P=0.371). The arterial elastic properties using multiple measures and the tissue contents of the aortic wall according to age group are summarized in Table 1 .
Pulse wave velocity, an invasive measure of arterial stiffness in the longitudinal direction, was higher in senescent dogs than in young dogs, with borderline statistical significance. Although intima-media thickness was significantly higher in senescent dogs, other M-mode-derived parameters (such as aortic dimension and pressure-elastic moduli) were not different between the young and senescent dogs. By contrast, VVIderived parameters showed that a cross-sectional area of the aortic wall was more dilated, and fractional area change (FAC) was significantly reduced in the senescent dogs. In segmental analysis, instantaneous data of aortic deformation derived from VVI, such as RV, circumferential strain, and strain rate, were significantly reduced in the senescent dogs. In addition, tissue quantification from the aortic wall revealed that the elastin content (μg/mg aorta) was significantly decreased and the collagen content (μg/mg aorta) was significantly increased in the aortic wall of senescent dogs compared with those of young dogs. Histological sections showed that blue-stained collagen fibers were higher in density in the aortic wall of senescent dogs than they were in young dogs ( Figure 1 ). Table 2 shows the correlations between indices of aortic elastic properties and tissue contents of collagen and elastin per subject or per segment. Pulse wave velocity and M-mode-derived pressure-elastic moduli had no significant relationship with the contents of collagen and elastin, whereas VVI-derived FAC showed a significant inverse correlation with the collagen content of the aortic wall.
Relationships Between Aortic Elastic Indices and Tissue Content
In the segmental analysis, the RV, circumferential strain, and strain rate of VVI were significantly correlated with the collagen content of the corresponding segment of the aortic wall. However, the mean or segmental content of elastin showed no significant correlations with any aortic indices of elastic properties ( Figure 2 ).
Independent Associations of VVI Parameters With Tissue Collagen Content
When the association between the RV, circumferential strain, strain rate of VVI, and tissue collagen content was assessed (after adjustment for covariates of age group, weight, heart rate, systolic and diastolic blood pressure, aortic area, and intima-media thickness), the RV and circumferential strain had independent associations with the collagen contents of the corresponding segment of the aortic wall (Table 3 ).
Reproducibility
The reliability of VVI variables was excellent with high intraclass correlation coefficients (intraobserver, 0.91, 0.94, and 0.91; interobserver, 0.94, 0.94, and 0.92 for RV, circumferential strain, and strain rate, respectively). A Bland-Altman plot showed good intra-and interobserver agreements for RV, circumferential strain, and strain rate ( Figure 3 ).
Discussion
In this study, we investigated the biomechanical and histological changes of the aortic wall that occur with aging. To the best of our knowledge, this study is the first to assess the direct relationships between in vivo aortic elastic properties and tissue contents, and it demonstrated the importance of VVI as a valuable means for assessing aortic elastic properties with a significant histological correlation.
VVI for Assessment of Aortic Elastic Properties
In earlier experimental models designed to determine the in vivo elastic properties of the aorta, instantaneous pressure and diameter signals were converted into stress and strain using a thick-walled cylindrical tube model. 17 Considering the nonlinearity of the stress-strain relationship and the anisotropy of the wall, the individual elastic modulus of structural constituents (elastin, collagen, and smooth muscle) was introduced for better description of elastic behavior of aortic wall in conscious dogs. 18, 19 Because of the invasive nature of these experiments, noninvasive measures (such as ultrasonic delineation) have been used to assess aortic elastic properties in clinical applications. In this study, VVI enabled automated aortic wall border detection from transesophageal echocardiography images and could quantify the instantaneous deformation in both circumferential and radial directions. The total stress generated by the wall to resist stretching is commonly attributed to the combined effects of pure elastic, viscous, and inertial behavior. 19 Peterson et al 20 stated that inertial force is negligible in physiological conditions, indicating that the behavior of arteries was mainly viscoelastic. However, wall viscosity affected by vascular smooth muscle activation was insignificant in this study because vascular smooth muscle is not significantly activated in the control state or in anesthetized animals. 21 Thus, VVI-derived parameters in this study merely indicated the purely passive elastic behavior of the aortic wall.
The biomechanical properties of the major arteries are largely dependent on the qualitative or quantitative changes of scleroproteins, such as collagen and elastin; these are the major structural constituents that determine the passive mechanical properties of the aortic wall. 22 Elastin confers elasticity, whereas collagen, which is ≈100× stiffer than elastin, provides rigidity. 23 In a stress-strain relationship at low pressure, the resistance to stretch is the result of elastin alone, whereas at high pressure, the resistance is caused by collagen. This trend indicates the presence of increasing collagen recruitment and mechanical function transitioning to the stiffer at high strain region. 24, 25 In this study, the maximal values of the segmental RV, circumferential strain, and strain rate were significantly correlated with the collagen content of the corresponding segment, whereas the elastin content was not. This finding is consistent with those of previous studies showing that biomechanical properties in vitro at maximal strain above the breakpoint may reflect the state of the collagen within the vessel, 26 and that maximal stiffness is positively correlated with collagen-associated fluorescence in the rat aorta. 27 Further, after adjusting for the confounding variables affecting the quantitative change of collagen, the RV and circumferential strain showed independent associations with the tissue collagen content of the aortic wall.
Biomechanical and Histological Alterations of the Aortic Wall With Aging
The dominant feature of arterial aging is the thickening, dilation, and stiffening of the arterial wall accompanying the biochemical alterations. 2, 3 To maintain basal levels of tensile stress (Laplace law), progressive thickening of the vessel wall occurs as a result of the proliferation and migration of vascular smooth muscle responding to the mechanical stretch created by synthesis of collagen. 23, 28, 29 In addition, the fatiguing effects of tensile stress by repeated pulsation produce fracture and breakdown of elastic fibers, which lead to a substantial increase in the inner diameter of the aortic wall. 30, 31 In the present study, the aortic walls of senescent dogs were more thickened and dilated than those of young dogs. These morphological changes as increased vessel area in senescent dogs were identified by speckle tracking the instantaneous vessel wall motion using the VVI method, whereas M-modederived dimensions except for intima-media thickness could not differentiate these structural alterations between the groups.
For the functional properties of vascular aging, FAC from VVI was significantly reduced in the senescent dogs, whereas M-mode-derived elastic moduli (including β-stiffness, distensibility and Young pressure-strain elastic modulus) showed no significant difference between the groups. Also, in the segmental analysis, instantaneous data of aortic deformation with VVI as RV, circumferential strain, and strain rate were significantly reduced in senescent dogs compared with those of young dogs. These findings suggest the limitations of M-mode as a 1-dimensional approach and the superiority of 2-dimensional approach by speckle tracking that enables the instantaneous vessel wall motion for a correct estimation of the structural and functional changes in entire circumference of vessel wall.
Biochemical alteration of arterial aging is the fragmentation and depletion of elastin and deposition of collagen undergoing nonenzymatic glycation and oxidation of free amino groups to form advanced glycation end products. 5, 32 When we quantified the tissue contents within the aortic wall, the collagen content was increased, and the elastin content was decreased with aging; these findings are in line with the results of previous works, although conflicting results also have been reported regarding the changes of the absolute amount of scleroprotein with aging. 27, [33] [34] [35] This discrepancy may be related to the differences in methodology, the source of tissue, species differences (including rats, dogs, and nonhuman primates), and data units between the studies where collagen values were expressed per square millimeter or per milligram dry weight of the aortic tissue. 27, [33] [34] [35] [36] [37] There are limitations to our study. First, our sample size was relatively small; a larger sample size would provide more conclusive results. To obtain in vivo cross-sectional images of descending thoracic aorta during transesophageal echocardiography, all experiments were performed under general anesthesia, which could produce age-dependent effects on aortic mechanics. All dogs included in this study were female because of the difficulty in finding senescent male dogs, hence our results were limited to the characteristics of aortic elasticity of female dogs with aging. We obtained the image of descending thoracic aorta at which VVI analysis would be performed and then quantified the tissue contents at the same location to correlate the histology. Thus, our results reflect the association between the collagen and elastin composition and elastic property of the descending thoracic aorta. Regarding the variation of elastin:collagen gradient along the course of the aorta, our results might not be applicable to entire aorta. Finally, the blood pressures of senescent dogs were higher than those of young dogs. Because the blood pressure is one of the important determinants of vascular expansion, it may not be possible to discriminate the impact of hypertension on aortic indices independently of the aging process in this study. Wang et al 38 reported that, in similar ages, hypertensive patients showed dilated aortic diameter and decreased ascending aortic wall motion compared with those of healthy subjects. However, in our previous study assessing the elastic properties of carotid artery with VVI in healthy volunteers, 16 we demonstrated that the FAC of older subjects (50-59 years) was significantly lower than those of younger subjects (20-29 years; FAC, 10.8% versus 17.8%; P<0.01), despite similar blood pressures. In addition, RV, strain, and strain rate of older subjects were also significantly lower than those of younger subjects (RV, 0.13 versus 0.27 cm/s; strain, 4.69% versus 8.53%; strain rate, 0.35 versus 0.72 s −1 ; all P values <0.01). These findings suggest that VVI parameters could be an independent marker of vascular aging independent of hypertension.
Conclusion
VVI exhibited the unique ability to provide both regional and segmental alterations of aortic elastic properties with aging, and the magnitude of instantaneous aortic deformation computed by VVI analysis showed significant associations with the collagen content of the aortic wall. In clinical applications, VVI would provide better description of the elastic behavior of the aortic wall and could be useful to detect early vascular changes in various clinical situations.
